Proterochampsians are a South American endemic group of non-archosaurian archosauriforms with morphological characteristics recollecting Recent crocodilians, and therefore have been proposed as aquatic species. However, this has not been based on careful examination of anatomical and histological features. We provide a review of the morphological and histological evidence present in the skeleton of proterochampsids and discuss its implications for inferring the lifestyles of these organisms. Anatomical features such as a secondary palate, marginal dentition, palatine teeth, morphology of the tail, limb modification, and dermal armor are reviewed, and details of histological structures are described based on bone thin sections. Histological examination reveals a predominance of fibrolamellar bone tissue, suggesting rapid periosteal osteogenesis and therefore overall fast bone growth. The existence of discontinuities (LAGs) demonstrates that these animals responded to changes in their environment. Ecomorphological features do not provide definitive evidence for the lifestyles of proterochampsids, but allow us to propose a terrestrial/amphibious condition. The same is true of the histological features, particularly compactness of the bone.
Introduction
Proterochampsians are a South American endemic group of non-archosaurian archosauriforms. Their phylogenetic affi nities were uncertain for decades, but more recently they have been considered as one of the potential successive sister-taxa of crown group Archosauria (e.g., Sereno and Arcucci 1990; Dilkes and Sues 2009; Ezcurra et al. 2010; Dilkes and Arcucci 2012; Trotteyn et al. 2013; Nessbitt et al. 2013) .
Proterochampsians not only have a limited geographic distribution, with taxa exclusively recovered from Argentina and Brazil, but also a restricted temporal distribution, as their origin, diversification and disappearance happened in a very short period of time in the Late Triassic, almost entirely in the Carnian . This clade is represented in Argentina by Gualosuchus reigi Romer, 1971 , Chanaresuchus bonapartei Romer, 1971 , and Tropidosuchus romeri Arcucci, 1990 from the early Carnian Chañares Formation (Marsicano et al. 2016) , and by Proterochampsa barrionuevoi Reig, 1959 and Pseudochampsa ischigualastensis Trotteyn and Ezcurra, 2014 from late Carnian-early Norian Ischigualasto Formation (Martínez et al. 2011 ) from the Ischigualasto-Villa Unión Basin (Fig. 1) . In Brazil, the group is represented by Chanaresu chus bonapartei Romer, 1971 from the lower portion of Santa Maria Formation, Rhadinosuchus gracilis Huene, 1938 and Cerritosaurus bind feldi Price, 1946 from the early Carnian upper portion of the Santa Maria Formation (Langer et al. 2018) , and by Proterochampsa nodosa Barberena, 1982 from the early Norian Caturrita Formation of the Paraná Basin ( Fig. 1 ) (Langer et al. 2018) .
Proterochampsians are medium-size quadrupedal forms, with an elongated and triangular snout and dorsally flattened head, a distinctive pattern of dermal ornamentation of the skull, and approximately dorsally located orbits and external nares. These morphological characteristics resemble those of Recent crocodilians, which has led several authors to suggest a probable aquatic lifestyle for proterochampsians (Reig 1959; Sill 1967; Bonaparte 1971; Romer 1971; Barberena 1982; Bonaparte 1997; Kischlat 2000; Hsiou et al. 2002) .
Ecomorphological studies based on morphological structures, using an integrated combination of form, function, and ecology, have been developed over the last few decades by many authors in various biological disciplines (Bock 1994; Betz 2006) . The term ecomorphology was coined in the 1940s (Van der Klaauw 1948) and primarily referred to patterns of resource use by organisms, and their capacity to use resources from their external environment. Ecomorphology centeres then on one fundamental question in ecology: which factors determine the actual resource use of organisms? We use this integrative approach with regard to the form and function of organisms and their relationship to the external environment in the present paper to assess evidence about the habitat (terrestrial or aquatic) of proterochampsians, based on the characteristics of their bone histological morphology and microstructure.
Bone microstructure exhibits many characteristics that reflect physiological or ecological properties of taxa such as locomotor parameters (Casinos 1996) , growth trajectory (Castanet et al. 1993; Rimblot-Baly et al. 1995) , lifestyle (Buffrènil et al. 1987 (Buffrènil et al. , 1990a Laurin et al. 2004 Laurin et al. , 2007 Germain and Laurin 2005) , and metabolism (Ricqlès 1983) . However, little is currently known about the bone histology of proterochampsians. The only published work includes a short description of the histology of a long bone from Chanaresuchus sp. (Ricqlès et al. 2008 ) and reports on the histology of some osteoderms of Pseudochampsa ischigualastensis, and Chanaresuchus bonapartei (Cerda et al. 2015; Ponce et al. 2017) .
There has been a wealth of recent work on the relationship between bone microstructure and lifestyle (e.g., Fish and Stein 1991; Stein 1989; Wall 1983; Buffrénil et al. 2010; Kriloff et al. 2008; Ricqlès 1974a, b; Germain and Laurin 2005; Nopcsa and Heidsieck 1934; Steyer et al. 2004) . Furthermore, some of these studies have analyzed the evolution of bone microanatomy in response to habitat. Most of these studies focus on extant lissamphibian and amniotes, which has confirmed the link between bone microanatomy and lifestyle. A similar approach can be used with extinct species, and the histology of long bones has been used to infer the lifestyle of fossil taxa (Kriloff et al. 2008; Houssaye et al. 2013) .
Over the last few years, several important contributions about the anatomy and phylogeny of proterochampsids have been published (e.g., Trotteyn 2011; Dilkes and Arcucci 2012; Trotteyn et al. 2013; Raugust et al. 2013; Trotteyn and Ezcurra 2014; Ezcurra et al. 2015) , but paleobiological and paleoecological hypothesis about the group are still scarce. Aquatic or amphibious lifestyles were traditionally accepted for proterochampsians based on convergent/homoplasic characters with extant crocodiles, but this has not been rigorously tested.
We here evaluate the anatomical and ecomorphological features of proterochampians and their relationship with paleoenvironment, and provide detailed descriptions of bone microstructure. Together, these lines of evidence provide new information to infer the lifestyles of proterochampaians.
Material and methods
The studied material was collected in the last ten years from the Río Gualo locality, Talampaya National Park, La Rioja Province, Argentina (Fig. 2) . The specimens were recovered from different stratigraphic levels and different lithologies (Fig. 2) , light olive-grey, fine-grained sandstone with horizontal and planar cross stratification and grey fine-grained sandstone and siltstone considered as fining-upwards sequence of channels derived from the hanging wall, and from laterally continuous, structureless, light-grey mudstone strata assigned to littoral low-energy mudflat of the Chañares Formation (Mancuso 2005; Mancuso et al. 2014 Mancuso et al. , 2017 . The section with fossiliferous horizons was recently dated in 236.1 ± 0.6 Ma (early Carnian) by Marsicano et al. 2016 .
Bone tissue samples were extracted from long bones belonging to proterochampsian specimens PULR-V 117 (fibula); PULR-V 118, CRILAR-PV 603, CRILAR-PV 605 (femora); and PULR-V 117, PULR-V 119, CRILAR-PV 604 (tibiae) from the Chañares Formation. All sections from long bone shafts are transverse. It should be noted that the proximal tibia (PULR-V 117) and proximal fibula (PULR-V 117) were sectioned close to the metaphyseal region. Thin sections were prepared following the method outlined by Chinsamy and Raath (1992) . Samples were observed and photographed under a petrographic microscope BX 51-P Olympus both in plane and cross-polarized light. General histological nomenclature and definitions of structures follow Francillon-Vieillot et al. (1990) .
The sampled elements are appendicular bones that show proterochampsian diagnostic characters, but they did not display autopomorphies that would allow us to identify particular Chañares taxa. However, the sampled elements are a good representation of the different taxa sizes known from Chañares (Tropidosuchus ~3 kg, Gualosuchus ~10 kg, and Chanaresuchus ~20 kg, see Mancuso et al. 2014) .
There is no single protocol to determine the ecomorphology of fossil organisms, but Betz (2006) proposed a general framework in which morphology (structure or form of the organism or parts under study) can be used to interpret the possible function or behaviour of the animal, allowing workers to propose potential resource uses or biological roles for extinct species. We use this approach here, and in doing so, selected possible analogues of key structures of proterochampsians in extant organisms.
Results
Anatomical and ecomorphological features.-As mentioned before, in the particular case of proterochampsids it was apparently obvious for many authors that they were aquatic or at least amphibious organisms (e.g., Price 1946; Reig 1958; Sill 1967; Romer 1971; Bonaparte 1978) . Although these authors mention certain cranial features to interpret that way of life in this group, neither of them examined the evidence or discussed the characters either from the skull or from the rest of the skeleton. We made a brief review based on first hand studies on the material (Arcucci 2011) about the morphological features present in the skeleton of proterochampsids (Table 1 , Fig. 3 ) and its pertinence to interpretation a particular mode of life of these organisms. Skull (Table 1 , Fig. 3 ): The skull has a triangular shape, with long and acute snout, dorsoventrally flattened, with dorsal orientation of the cranial fenestrae. The palate structure, with posteriorly located choanae, with the development of a secondary bony palate, formed by premaxilla, vomers and pterygoids, reaches the anterior edge of the ectopterygoids. Strong ossification and the ornamentation of the dorsal surface of the skull are anatomical features that are traditionally interpreted as indications of aquatic habit both in Recent and fossil taxa (Romer 1966; Carroll 1985) . In proterochampsids, the flattened skull is related to an inclination of the angle of the quadrate to the posterior part of the skull. The extreme condition of this feature is present in Proterochampsa, in which several well preserved articulated skulls show the same remarkable dorsal flattening and dorsal orientation of the orbits and temporal openings (Dilkes and Arcucci 2012) . These features have not resulted from a distortion because they are present in all available specimens (Reig 1958; Sill 1967; Arcucci 2011; Trotteyn et al. 2013 ). In the rest of the proterochampsids (Cerritosaurus, Chanaresuchus, Gualosuchus, Pseudochampsa, Tropidosuchus, and Rhadinosuchus), the inclination of the quadrate is not so strong and this make the skull less flattened (Romer 1971; Arcucci 1990 Arcucci , 2011 . The skull openings, including the orbits, are located more laterally in these forms. They kept the proportional length of the snout (premaxilla, maxilla and mandible) and the ornamentation of the dorsal surface of the skull although the pattern of ornamentation is quite different and more subtle, in shape of longitudinal crests instead of the tubercle pattern of Proterochampsa. The marginal dentition of premaxilla and maxilla is formed by numerous conical and laterally compressed and serrated teeth. All these features display resemblance to the ones known form Recent aquatic animals as gavials and interpreted as related to a piscivorous diet (Romer 1966; Weems 1980; Kardong 1999) . This type of dentition is present in all proterochampsids, although there is a lesser number of teeth in maxilla and dentary in Proterochampsa in particular (Dilkes and Arcucci 2012) . If the high number of teeth is an indication of aquatic habit, then in Proterochampsa it suggests otherwise.
Axial skeleton (Table 1 , Fig. 3 ): In proterochampsids as a group, the most remarkable features are included in the last part of the vertebral column. The caudal series of proterochampsids are known from species of Chanaresuchus and Tropidosuchus. The neural spine in these taxa is moderately low, at approximately the same height of the body of the vertebrae and the transverse processes becomes progressively much longer and wider in the middle part of the tail and reduced again towards its end (Troteyn et al. 2013: fig. 16 ). This feature makes the profile of the tail much wider than tall, or dorsoventrally flattened.
Appendicular skeleton (Table 1 (Arcucci 2011; Troteyn et al. 2013) . The femur in particular is approximately 20% longer than the humerus (Arcucci 2011) , and the tibia in Chanaresuchus, Gualosuchus, and Proterochampsa (Romer 1971; Trotteyn et al. 2013 ), but femur and tibia are subequal in Tropidosuchus (Arcucci 1990; Troteyn et al. 2013: fig. 16 ).
The femur have a characteristic dorsoventrally extense laminar fourth trochanter, that projects laterally into a "wing" which indicates strong muscular development for tail movements. The tibia is more robust than the femur and has a thick and short cnemial crest, in all the specimens preserved. The feet is well preserved in Chanaresuchus, Proterochampsa, and Tropidosuchus, but the manus in this group is known only from fragments. The feet of the proterochampsids have unique features among archosauriforms or even among archosaurs. The pattern of the digits is asymmetric where the first and second digits are the shortest and strongest and the fourth digit is the longest of the foot although only for a few millimeters.
Dermal armor (Table 1 , Fig. 3 ): Dermal armor in proterochampsids is poorly developed, or, as in the case of Proterochampsa, it is absent. It consist of a single row of small osteoderms, of approximately rounded shape with approximately two osteoderms located on the top of each vertebrae. The exception is Tropidosuchus (Arcucci 1990; Trotteyn et al. 2013) in which the osteoderms are much bigger in proportion to the body of the animal, and each of them occupies the dorsal part of one vertebrae.
Histological descriptions.-This section includes a detailed description of the histology features of each specimen. Because our sample is limited, it cannot represent the variety of tissues deposited in all parts of the skeleton, as well as all stages of growth. However, in the describing histological structures, we offer functional and ontogenetic mechanisms that may explain the presence and development of these structures.
Femur (CRILAR-PV 603, Fig. 4B ): The cortex is made of homogenous fibrolamellar tissue with a typical plexiform vascularization. In some places, the plexiform pattern is less regular and has fewer radial canals (sub-plexiform). The dense vascularization decreases towards the periphery. There is no evidence of secondary osteonal development in any area of the element. External Fundamental System (EFS), or similar structures are not observed. A very thin coat of endosteal bone surrounds the free marrow cavity. A faint LAG may be seen at mid-cortical region. The cortex comprises a typically fast-growing tissue deposited continually. This tissue resembles tissues found in large birds and dinosaurs (Horner et al. 2000; Reid 1996) .
Femur (PULR-V 118, Fig. 4C ): The cortex is entirely fibrolamellar densely vascularized by longitudinal primary osteons. They are scattered in a woven bone matrix of periosteal origin. No LAGs nor annuli are developed in the cortex. There are no secondary osteons in the deep cortex. The large medullary region expands into the deep cortex through a generalized erosion, and is composed of endosteal bony trabeculae and erosion cavities.
Femur (CRILAR-PV 605, Fig. 4D ): The compacta is densely vascularized and it is constituted by uninterrupted fibrolamellar bone tissue. Vascular canals are mainly represented by primary osteons, and are longitudinally oriented. These canals are concentrated at the posterolateral portion of the bone, but towards the subperiosteum their number decreases. Osteocyte lacunae are mainly oriented around the primary osteons in the inner and middle cortex at the posterolateral side of the bone. A high density of osteocyte lacunae is present throughout the cortex, however their density slightly decreases from the inner to outer cortex at the posterolateral side of the bone. At least two well-defined LAGs are seen in the outer and mid-cortical region. There are some secondary osteons in the inner cortex. The cortical region is surrounded by a thin layer of endosteally deposited lamellar bone tissue that forms the inner circumferential lamella (ICL). The latter is limited by a large medullary region composed of endosteal bony trabeculae and erosion cavities.
Tibia (PULR-V 119, Fig. 5B ): The thick cortical compacta is densely vascularized, and composed entirely of fibrolamellar tissue. Vascular canals are represented by primary osteons are longitudinally and reticularly oriented. Primary osteons are encircled by thin bands of parallel-fibered bone tissue, birrefringent under cross-polarized light that reflects the mainly concentric character of the fibers. LAGs are present in the outer and mid-cortical region. The inner cortex contains secondary osteons easily distinguishable by the cementation lines. The dense vascularization decreases towards the periphery. The subperiosteum is composed of parallel-fibered thin avascular layers, suggesting of some cyclical modulations of bone deposition dynamics (Ricqlès et al. 2003) . The medullary cavity is lined by a thin layer of endosteal lamellar bone tissue forming the ICL.
Proximal tibia (PULR-V 117, Fig. 5D ): The cross section of tibia shows a peculiar histological structure, perhaps linked to a metaphyseal rather than truly diaphyseal position. Although the tibia is diagenetically altered, it shows a thin cortex formed by a poorly defined fibrolamellar bone with a moderate vascularization that varies locally. Other features of this bone includes extensive development of a secondary endosteal spongiosa in the marrow cavity, irregular subperiosteal periphery, absence of growth marks (annuli and LAGs) and a high cortical porosity.
Tibia (CRILAR-PV 604, Fig. 5E ): The cortex is relatively thin and primary in structure. The fibrolamellar tissue is formed by small primary osteons, which are encircled by thin bands of parallel-fibered bone tissue. The deepest cortex is invaded by secondary osteons. Extensive development of a secondary osteons in the inner cortex. The large medullary region expands into the deep cortex through a generalized erosion, and is composed of endosteal bony trabeculae and erosion cavities.
Proximal fibula (PULR-V 117, Fig. 6 ): The fibula unfortunately suffered poor histological preservation through intensive diagenesis. Nevertheless, in some local areas, the bone tissue is still preserved. The fibula thin section is likely to belong to the metaphyseal region, as it has characteristics of the proximal tibia (Fig. 5D) of the same taxon. The narrow compact outer cortex is formed by an ill-defined fibrolamellar complex with longitudinal primary osteons, some secondary osteons and an extensive occurrence of resorption cavities in the mid-to inner cortical region. Growth marks are absent.
Discussion
Histological characteristics.-The protochampsians analyzed here, share several histological features, and display active, continuous growth. Primary osteons occur in all bones, which possess fibrolamellar tissue. In those samples that grew the bone remodelling process was initiated although not completed, which means that the vascular canals or primary osteons are secondarily widened by successive resorption processes, resulting in an overall secondary spongeous tissue (Houssaye et al. 2014) . A thick layer of lamellar bone surrounds the widened primary osteons but they are not fully infilled, resulting in incomplete or immature secondary osteons (Klein et al. 2015) . Mature secondary osteons are rare, and are restricted mainly to the inner cortex of the tibia samples. The absence of large amounts of mature secondary osteons (Francillon-Vieillot et al. 1990; Currey 2002 ) in these samples is uncommon and is comparable to the ones recently observed in placodonts (Klein et al. 2015) . The local radial trabecular-like architecture observed in the inner cortex of some samples may also indicate anisotropic mechanical properties that depend on the porosity of the specimen as well as the architectural arrangement of the individual trabeculae. The elasticity and strength properties of trabecular bone display substantial heterogeneity with respect to age and health, position in the body, loading direction (with respect to the principal orientation of the trabeculae), and loading mode (Keaveny et al. 2004 ). Thus, trabecular bone can provide an efficient method to counter repeated forces, as well as replace the primary tissue for lightening the bones (Padian and Lamm 2013) .
Fibrolamellar bone is known from modern birds, dinosaurs, most synapsids, and from various extinct marine reptiles such as ichthyosaurs and plesiosaurs (e.g., Chinsamy-Turan 2005 Wiffen et al. 1995) . Therefore, fibrolamellar tissue undoubtedly originated several times within different vertebrate lineages (Klein et al. 2015) . In the case here described, the combination of fibrolamellar bone with plexiform organization indicates a high growth rate comparable to that of ichthyosaurs (Buffrénil and Mazin 1990; Houssaye et al. 2014 ). The samples studied have the typical scaffolding of woven bone surrounded by lamellar bone. However, in one of the samples, the woven bone component is replaced or grades into parallel-fibred bone. This replacement or modification of woven bone by parallel-fibred bone in the fibrolamellar tissue has been described previously for some archosaurs (Ricqlés et al. 2003) , the ornithopod dinosaur Gasparinisaura (Cerda and Chinsamy 2012) , the titanosaur dinosaur Ampelosaurus (Klein 2012) , and recently for placodonts (Klein et al. 2015 ).
Ecomorphology.-There are several ways to infer the mode of life of fossil vertebrates. One of these approaches, the most traditional, compares the morphology of the animal to modern analogues, in order to identify the probable environment in which it lived. Previously, Sill (1967) compared the skull of Proterochampsa barrionuevoi with Recent crocodiles and suggested that the former had similar aquatic adaptations to the modern species, but his interest was more in trying to relate both groups phylogenetically. Here, we present a brief review of the morphological evidence that may help infer the lifestyle and habitat of proterochampians.
A secondary palate is present in all known proterochampsians. This structure is very simple, consisting in a thin sheet of bone formed by the suture of the right and left premaxillae, palatines, vomers, and pterygoids ventrally along the midline of the palate. There are no pneumatic fossas or foramina that could indicate an inner system of conducts as in archosaurs, particularly in derived Crocodylomorpha. This structure allows the choana to open downward more posteriorly than the nostrils. Although the secondary palate clearly would have allowed the animal to breath during feeding, and thus could be an advantage in an aquatic way of life, this structure is also present in terrestrial crocodylomorphs as Notosuchians and independently has also evolved in mam- E mals, for reasons unrelated to an aquatic lifestyle. Because of its complex anatomy and the difficulty of evaluating homologies, we consider the secondary palate as a possible indicator of an aquatic lifestyle, but not an unambiguous one. An interesting feature of proterochampsians is that they possess a complex set of teeth on the ventral surface of the secondary palate, on the vomers and pterygoids. This palatal dentition-which complements the marginal dentition-is formed by numerous small teeth, which are covered by enamel and set in alveoli (Dilkes and Arcucci 2012; Trotteyn et al. 2013) . Palatal teeth are also present in phylogenetically closely related forms as Mesosuchus (Dilkes 1998) or Euparkeria (Ewer 1965; Sookias and Butler 2013) , although in these more primitive forms the teeth are distributed in patches. The palatal teeth of proterochampsians are more consistent with the ones present in Doswellia, Vancleavea (which were interpreted as aquatic animals), or Azendohsaurus, where these teeth were interpreted as a possible supplementary structures for processing food (Weems 1980; Nesbitt et al. 2009; Flynn et al. 2010) . In Azendohsaurus, which is interpreted as a terrestrial archosaur, the palatal teeth are similar to the marginal herbivorous teeth, which is also the case in proterochampsians, where the teeth are similar to the maxillary ones. In general, considering the presence of palatal dentition in so many different animals with a variety of locomotion styles and diet, we can not interpret it as an evidence in favor of any particular way of life for proterochampsians.
In many cases, extant aquatic tetrapods display a set of features associated with locomotion in water. Some taxa have developed modifications in some of their limbs, involving important changes in morphology (like soft tissue membranes, or loss or reduction of unguals or entire digits). In other cases, however, there are no important changes of the limbs, but rather modifications are located in the vertebral column, especially in the caudal region, where it is common to find elongated and laterally compressed tails. This morphology is present in aquatic tetrapods that use their tail in lateral undulatory locomotion as ichthyosaurs, mosasaurs, marine crocodylomorphs (as metriorhynchids) and also in extant crocodiles (Carroll 1985) . In a study of the swimming capacities of marine Mesozoic reptiles, Massare (1988) categorized marine crocodiles and mosasaurs as "undulatory axial swimmers" explaining that their morphology was well suited for rapid movements like the ones performed in the "ambush prey strategy". This strategy is also suggested by Nesbitt et al. (2009) to explain the bizarre morphology of the archosauriform Vancleavea, which also exhibits this tail morphology. The morphology of the tail in proterochampsians (Table 1, Fig. 3 ) is very similar to that in Recent squamates that have a proximal to medial part of the tail wider than tall and thinner, but cylindrical, to its end. Several species of South American iguanids, such as genus Tupinambis, with this kind of tail have strictly terrestrial habits.
The asymmetric foot pattern documented in proterochampsians is also present in the basal diapsids Araeocelis and Youngina (Gauthier 1994) and in extant squamates like Iguana varanus and Tupinambis, which are characterized by an enlargement of the phalanges (Lee 1997) . The only digit reduced to the metatarsal is the fifth digit, which is present as a reduced cone, without phalanxes. This morphology of the fifth digit is present also in other diapsids, such as lacertids and terrestrial basal archosaurs like "rauisuchians" and crocodylomorphs, among others (Nessbitt 2011: fig. 47 ). The tarsal structure of proterochampsians consists of two main tarsal bones: an astragalus that is well developed transversely and a calcaneum with a lateral tuber, which is larger in Tropidosuchus than in the other forms. Unfortunately, the pedal posture of proterochampsians is difficult to interpret: it is not clear if they were plantigrade or digitigrade. This uncertainty stems from the fact that, for most archosaurs and close relatives, their pedal postures are interpreted in relation to their tarsal types (crurotarsal or mesotarsal), and proterochampsians have an intermediate type.
The type of dermal armor reported from proterochampsians is also known in Euparkeria, several "rauisuchids" and sphenosuchids, all of which are derived archosauriforms of terrestrial habits that are not closely related phylogenetically. In other cases, it has been speculated that fossil animals with strongly developed dermal armor, such as Doswellia, Vancleavea or phytosaurs (Weems 1980; Nesbitt et al. 2009) , would have a difficult time moving out of the water. Vancleavea is unique also in having a series of enlarged osteoderms located dorsally and ventrally to the tail and supporting the structure of the caudal extremity. The interpretation of a direct relationship between dermal armor and habit is not clear, because there are several cases of terrestrial squamates like the African lizards of the family Cordylidae (armadillo lizards, like Cordylus cathafractus) (Le et al. 2000) that have a very well developed dermal skeleton. The same is also true of terrestrial turtles. C 3 ) showing the dense vascularization of the compacta conformed by longitudinal canals, embedded in a fibrolamellar matrix (flb). The medullary cavity is delimited by an inner circumferential layer (icl); the fibrolamellar tissue delimited by a thin avascular layer in the subperiosteum (sp) and by an inner circumferential layer (icl). Primary osteons (po) and secondary osteons (so) are observed in the outer and inner cortex, respectively. D. PULR-V 117, cross-sections, general view (D 1 ); details (D 2 , D 3 ), showing a general view of a region on the proximal "epiphyseal" surface; the fibrolamellar bone (flb) conformed by primary osteons (po). Extensive development of a secondary endosteal spongiosa. E. CRILAR-PV 604, general view (E 1 ); details (E 2 , E 3 ), showing the compacta conformed by fibrolamellar tissue (flb) with primary osteons (po); extensive development of a secondary osteons (so) in the inner cortex; the medullary region composed of endosteal bony trabeculae and erosion cavities (ec). Photomicrographs in plane-polarized (C 2 , D 2 , D 3 , E 2 ) and cross-polarized light (C 3 , E 3 ); photographs (C 1 -E 1 ). Abbreviations: a, anterior; l, lateral; p, posterior. Bone microanatomy and lifestyle.-Lifestyle appears to be reflected in the skeleton at various levels ranging from gross morphology to histological microstructure (BinindaEmonds et al. 2001; Buffrénil et al. 1987 ). However, not all aquatic or amphibious vertebrates display noticeable morphological modifications (Carroll 1985) ; it is thus often difficult to assess the ecological requirements of a taxon on the basis of morphology only, and therefore bone microanatomy may provide additional ecological data. Differences in the bone microstructure between aquatic and terrestrial vertebrates have been known for a long time (Nopcsa 1923) , and the relationship between bone texture and lifestyle has been intensively studied in in extant tetrapods (Scheyer and Sander 2007; Kriloff et al. 2008) . Generally, the long bones of terrestrial taxa have a large medullary cavity associated with a moderately thick compact cortical area. In contrast, long bones of aquatic vertebrates are massive, with a smaller medullary cavity (if any), which minimizes inertia (Wall 1983; Stein 1989; Fish and Stein 1991; Taylor 1994; Kriloff et al. 2008; Laurin et al. 2011) , and the skeleton is either heavier and more compact (pachiostotic/osteosclerotic) or lighter and more spongy (osteoporotic) than in their terrestrial relatives (Ricqlès and Buffrénil 2001) .
Thus, in this way of interpretation, bone histologyparticularly compactness-can be used as a proxy to infer lifestyle (aquatic, amphibious, terrestrial). Several studies (e.g., Canoville and Laurin 2009; Kriloff et al. 2008; Laurin et al. 2004 Laurin et al. , 2007 Laurin et al. , 2011 confirmed higher compactness for aquatic taxa, less compactness for amphibious forms, and much less compactness for terrestrial taxa, but there are some exceptions (turtles, for example, is opposite probably by interference that produce their shell). The bone compactness is defined as the ratio between the surface occupied by bone tissues and the total bone surface, and thus, it can vary along a single bone (the metaphysis is spongier than the diaphysis). Because of this, the mid-diaphysis is thought to be the best place to measure, in the sense that it gives the clearest indication of ecological signal .
Increased skeletal mass may result from pachyostosis (a thickening of the cortex by increased deposition of periosteal bone), osteosclerosis (a reduction in resorption of medullary bone) or a combination of both processes. However, these relationships may not hold for all taxa or all bones, and may depend on the evolutionary time available for taxa to adapt to a new ecological niche (Laurin et al. , 2006 . In fact, the hindlimb appears to be slightly less informative than the forelimb, possibly because some aquatic taxa have lost the hindlimb or retain only vestiges that are not functional in locomotion (Canoville and Laurin 2010) . Recent analyses suggest that the humerus displays a stronger ecological signal than other limb bones. The humeral compactness profile contains a strong ecological signal because it explains 42.9% of the lifestyle variance when covariation with phylogeny excluded (Canoville and Laurin 2010) . This is greater than the results from the tibia, which explains only approximately 20% of the lifestyle variance (Kriloff et al. 2008). However, considering the hindlimb, the tibia shows more ecological information than the femur, and their global compactness in amphibious taxa does not differ significantly from that of terrestrial taxa. Additionally, several studies raise doubts about terrestriality as the ancestral lifestyle of amniotes. The optimizations of lifestyle of extant and extinct amniotes suggest that the first amniotes were either amphibious or terrestrial (Germain and Laurin 2005; Kriloff et al. 2008) . Thus, the time at which amniotes (and indeed, vertebrates) became truly terrestrial remains uncertain (Canoville and Laurin 2010) .
According to this study, histological examination of proterochampsian bone samples reveals a predominance of fibrolamellar bone tissue suggesting a rapid periosteal osteogenesis (Buffrénil 1980; Reid 1990; Chinsamy 1997 ), which in turn suggests overall fast bone growth (Ricqlès 1972) . This tissue has been reported in other extinct vertebrates like birds; pterosaurs; some pseudosuchians; basal archosauromorphs; captorhinids and pelycosaurs (Ricqlès 1976; Curry 1999; Horner et al. 1999; Ricqlès et al. 2003; Botha-Brink and Smith 2011) . The abundance of fibrolamellar cortical tissue and absence of an EFS in the proterochampsian specimens indicates that they were still growing, and not fully-grown adults, when they died (Klein and Sander 2008) . On the other hand, the existence of discontinuities in some samples suggest changes in the growth rate. Starck and Chinsamy (2002) have suggested that LAGs are an expression of a high degree of developmental plasticity, which is the capability to respond to changes in the environment by evoking different developmental regimes (Smith-Gill 1983) . Although our sampling is limited, it appears that these proterochampsians had higher growth rates than in typical pseudosuchians (e.g., phytosaurs, aetosaurs, Luperosuchus, Poposaurus) and other basal archosauromorphs (Erythrosuchus, Euparkeria), perhaps even commensurate with the pseudosuchian Terrestrisuchus, as well as, dinosauromorphs (e.g., Lewisuchus, Herrerasaurus) and some dinosaurs (e.g., Lesothosaurus, Coelophysis) (Fig. 7) .
The histological studies on proterochampsian osteoderms (Cerda et al. 2015; Ponce et al. 2017 ) obtained ambiguous results, suggesting an aquatic or amphibious life style based on osteoderm compactness but owing the small size and number of osteoderms contradicted the potential buoyancy function of them. The histological features, including compactness, recorded in the specimens we studied, support more strongly an amphibious/terrestrial life style for protoerochampsians.
Conclusions
The anatomical features recognized in protoerochampsians, such as the secondary palate, marginal dentition, palatal teeth, morphology of the tail, limb modification, and dermal armor, were evaluated and their ecological role was discussed. This suite of characters suggests a terrestrial/ amphibious life style.
The histological features, particularly the compactness of the bone and the presence of a reduced medullary cavity, more strongly support an amphibious/terrestrial life style. The histological examination also revealed a predominance of fibrolamellar bone tissue, suggesting rapid periosteal osteogenesis, and therefore overall fast bone growth. The existence of discontinuities (LAGs) shows that proterochampsians had the capability to respond to changes in the environment, and the proterochampsian samples showed higher growth rates than typical for pseudosuchians and basal archosauromorphs, perhaps even similar to dinosauromorphs, as well as some dinosaurs. Ricqlès et al. 2003 Ricqlès et al. , 2008 Garcia Marsà et al. 2017) .
